Radial magnetic fields are observed in all known young, shell-type supernova remnants (SNRs) in our Galaxy, including Cas A, Tycho, Kepler, and SN1006 and yet the nature of these radial fields has not been thoroughly explored. Using a 3D model, we consider the existence and observational implications of an intrinsically radial field. We also present a new explanation of the origin of the radial pattern observed from polarization data as resulting from a selection effect due to the distribution of cosmic-ray electrons (CREs). We show that quasi-parallel acceleration can concentrate CREs at regions where the magnetic field is radial, making a completely turbulent field appear ordered, when it is in fact disordered. We discuss observational properties that may help distinguish between an intrinsically radial magnetic field and the case where it only appears radial due to the CRE distribution. We also show that the case of an intrinsically radial field with a quasi-perpendicular CRE acceleration mechanism has intriguing similarities to the observed polarization properties of SN1006.
INTRODUCTION
There are many outstanding questions surrounding our current understanding of the magnetic fields and cosmic-ray electron (CRE) distribution in supernova remnants (SNRs). Young shell-type SNRs are known to be sites of cosmicray acceleration (e.g., Morlino 2017) and understanding the magnetic field geometry in these SNRs is of particular relevance, since magnetic fields are thought to play a key role in the acceleration mechanism. All historical SNRs observed to date show radial magnetic fields (Milne 1987; Anderson et al. 1995; Reynoso et al. 1997; DeLaney et al. 2002; Reich 2002; Reynoso et al. 2013) , the origin of which is still not completely understood (e.g., Reynolds et al. 2012 ). Four such observations are shown in Fig. 1 .
Due to the ordered radial appearance, a common assumption has been that the magnetic field has some intrinsically radial nature that leads to this appearance. Two possible explanations are: owing to the expansion, Rayleigh-Taylor instabilities will stretch the field lines preferentially along the radial component, and/or turbulence with a radially biased velocity dispersion is induced, leading to selective amplification of the radial component of the magnetic field (Jun & Norman 1996; Blondin & Ellison 2001; Zirakashvili & Ptuskin 2008; Inoue et al. 2013) . However, there are no 3D models that predict the appearance of the various observational properties, such as synchrotron emission and polarization, which such an intrinsically radial field would produce. In addition, it does not seem plausible that the intrinsic radial field would exist without some component of turbulence and the observational consequences of this have not been studied.
SN1006 is the oldest of the SNRs in Fig. 1 and it is the only one to have a distinctly bilateral appearance. The others have a round shape with radio emission appearing all around their shell. Observations of both SN1006 and Cas A show evidence of a tangential field running along the outer edge of the shell (Reynoso et al. 2013; Gotthelf et al. 2001) . In addition to being the oldest and only bilateral SNR, SN1006 also differs from the others as it is also the largest (both physical and angular size) and it is located at the highest Galactic latitude where the ambient Galactic medium may be more uniform and the Galactic magnetic field may be more ordered (Haverkorn 2015) . This may result in the difference in amplitude between the ordered component and a turbulent component, which must be present at some level, and may explain the aforementioned tangential field at the outer perimeter of the shell.
Since radial fields are observed almost exclusively in young SNRs, it must be assumed that there exists some kind of transition from a radial magnetic field to a tangential one, which is observed in many older SNRs (Dickel & Milne 1976; Reynolds et al. 2012) . West et al. (2016) (see also Gaensler 1998) found that a model made by compressing the ambient Galactic magnetic field can explain the geometry of most of the bilateral-shaped SNRs, which is consistent with this picture. This model can also explain the morphology of SN1006, but fails to reproduce the radial magnetic field (e.g., West et al. 2017 ).
In the case of SN1006, the favoured explanation of its radial-looking field uses quasi-parallel CRE acceleration and a "polar-cap" model of a compressed, ordered ambient magnetic field. This SNR has been the subject of much debate (e.g., Rothenflug et al. 2004; Petruk et al. 2009; Bocchino et al. 2011; Schneiter et al. 2015; West et al. 2017; Velázquez et al. 2017 , review by Katsuda 2017) involving both its radial magnetic field geometry, its CRE distribution, and how this relates to its bilateral morphology, but these studies do not consider the presence of an intrinsically radial magnetic field.
Two CRE acceleration scenarios are typically considered: (a) the quasi-perpendicular scenario, where CREs are most efficiently accelerated when the shock normal is perpendicular to the post-shock magnetic field, and (b) the quasiparallel scenario, where CREs are most efficiently accelerated when the shock normal is parallel to the post-shock magnetic field (Jokipii 1982; Leckband et al. 1989; Fulbright & Reynolds 1990 and references therein). These two scenarios have been applied to the geometry of what is assumed to be an ordered, compressed magnetic field resulting in two opposite pictures of the bilateral morphology (rotated from each other by 90
• ). Which, if any, applies has been argued in many studies (see references above) and West et al. (2017) conclude that neither scenario can adequately describe all the observed features of SN1006.
We consider the observational properties of an intrinsically radial magnetic field. We also explore the consequences of including a turbulent magnetic field component, which has led us to a new explanation of the origin of radial-appearing polarization observations. We describe our modelling in Sec. 2. Results and discussion are presented in Sec. 3, and conclusions in Sec. 4. Figure 8 . direction of the magnetic Ðeld.
We have constructed a di †erence image between the orientation of the Ðeld vectors durig both epochs. The distribution of the di †erence angles was found to be nearly Gaussian, with a maximum at [8¡ and a width of about 30¡, indicating that such di †erence is most probably a random e †ect. No obvious global changes were detected. We also constructed enlargements of the same subregions of the remnant selected by et al. to the northeast Dickel (1991) , and to the bright peaks at the east. Using these images, we performed a small-scale comparison of the orientation of the magnetic Ðeld between the two epochs. As was the case for the large-scale analysis, no signiÐcant changes were observed.
DISCUSSION

Analysis of the Results
The overall morphology of TychoÏs SNR describes an almost perfect circle, whose symmetry is interrupted to the east and north, where part of the shell appears broken and shows a number of irregularities. Therefore, a global analysis may not represent an appropriate description for the evolution of TychoÏs SNR.
As a Ðrst approach to a better description, we have divided the remnant into two major sections, according to their radii : north and east on one side, and south and west on the other. The northeast section can in turn be subdivided into three sectors (I, II, and III), while the southwest section can be divided into two sectors (IV and V). In Table  we list the Ðve sectors deÐned here with their approx-3, imate angular range, mean radius, and mean expansion parameter. These sectors have been plotted in Figure 7b , where the radii have been scaled to 280A. FIG. 8.ÈVectors showing the direction of the magnetic Ðeld in TychoÏs SNR at epoch 2 superimposed on contours representing the total intensity at 1375 MHz. The observed E-vectors have been corrected for Faraday rotation and rotated by 90¡. The resolution is 4A. The length of the vectors represents the polarized intensity at 1375 MHz ; a length of 1A corresponds to an intensity of 100 kJy beam~1. For clarity, only one in 20 vectors was plotted, so that the Ðnal spacing between points is 8A. The total intensity image was convolved to the resolution of 4A. The beam size is indicated at the bottom right corner. The contours are at 0.3, 3, 6, 10, and 15 mJy beam~1.
This image was taken in 1987 with the 2.5 m DuPont telescope at Las Campanas. The stars on this image were already removed to first order by subtracting a continuum image. There were enough intact stellar remnants, though, X-ray image is not a straightforward process. Unlike the Top right: G111.7-02.1 (Cas A) at 5.0 GHz (using VLA data provided by L. Rundick). Bottom left: G120.1+01.4 (Tycho) at 1.4 GHz, Reynoso et al. (1997, with permission) . Bottom right: G327.6+14.6 (SN1006) at 1.4 GHz, Reynoso et al. (2013, with permission) . Distance and date information is compiled by Ferrand & Safi-Harb (2012) ; Green (2014) and references therein.
We use the updated version of Hammurabi 1 (Waelkens et al. 2009 ), a HEALPix-based modelling code for simulating 2D synchrotron emission maps from 3D models of the input magnetic field and electron distributions. Hammurabi uses the HEALPIX pixelization scheme (Gorski et al. 2005 ) and integrates along lines of sight to calculate simulated total radio synchrotron emission, Stokes I, and the polarization vectors Stokes Q and Stokes U.
We use a static, non-dynamical, geometric model for this study. The models have a 512x512x512 pixel grid with a physical size of 21 pc on a side giving a physical scale of 0.04 pc/pixel. The physical size of the grid is arbitrary and does not affect the results, but we choose to use a value that is consistent with the size of the oldest and largest SNR in the sample in Fig. 1, SN1006 (where the box size is defined as 1.2 * d, where d = 17.5 pc, which is the diameter of SN1006). We construct a 3D box and define the magnetic field at each point in the box based on some physical assumptions. We model several linear combinations of the following three components:
1. An ordered regular component defined by a compressed ambient field, B reg (see Sec. 2.1).
2. An intrinsic radial component, B rad (see Sec. 2.2).
A random component, B rdm (see Sec. 2.3).
The magnetic field is defined at every point within the box by B total = B reg + B rdm + B rad , including the very centre of the box (i.e., the centre of the SNR). In the physical picture of an SNR, we expect a very small magnetic field at the centre (or it may be dominated by a compact object), but in practice this does not impact the modelling since we scale the CRE density such that it is zero in the centre of the SNR (see Sec. 2.4) and thus the scale of the magnetic field at the centre is not relevant.
The coordinate system is defined such that B x is the line-of-sight component, B y is the horizontal component when viewed on a projected image, and B z is the vertical component. We do not explicitly enforce that the resultant magnetic field be divergence free since this should not impact our conclusions, which are based on comparing the effect of the different components.
Compressed ordered component
We assume that the explosion takes place in an environment where there exists an ambient, ordered magnetic field that will be compressed by the shock wave according to a Sedov-Taylor explosion model (Sedov 1959 ) by the method described by West et al. (2016) . This is a reasonable assumption since the SNRs in question (Kepler, Tycho, Cas A, and SN1006) are likely to be at least in transition to the Sedov phase. The Sedov mass density profile is a reasonable approximation even in a case where the transition has not fully taken place since we need only reasonable compression in the shock.
For these tests this field is initially oriented entirely parallel to the Galactic plane , with no line-of-sight component (i.e., B x =0 µG, B y = 1 µG, B z =0 µG).
Intrinsic radial component
This component is constructed with an orientation that is parallel to the radius vector at all locations. Each point has a random amplitude between 0 and 1 µG and a random sign (i.e., the vector is either pointing towards the centre or towards the shock). The average amplitude is then normalized and scaled to a value appropriate for the particular model. The radial component is defined inside the shell radius, and is set to zero for all larger radii. Figure 3 . Simulated total intensity maps resulting from the magnetic field configurations illustrated in Fig. 2 and shown with isotropic (top row), quasi-parallel (centre row), and quasi-perpendicular (bottom row) CRE acceleration mechanisms.
Random component
Using Hammurabi, we construct a Gaussian random-field given the rms amplitude (integrated over all scales), which we call σ rdm , and the magnetic field power spectrum index, α. The 3D power spectrum, P (k), is given by P (k) = k α where k is the wavevector defined by k = (k
. The 3D power spectrum is related to the energy spectrum, E(k), which is given by E(k) ∝ k 2 P (k) (Elmegreen & Scalo 2004) . For the case of a Kolmogorov spectrum, E(k) ∝ k −5/3 , and thus α = −11/3 and for the case of a flat energy spectrum, E(k) ∝ k 0 , or α = −2. We construct boxes with values of the magnetic field power spectrum index α = −2.5 (E(k) ∝ k −1/2 ), which is nearly flat and consistent with the values predicted by Caprioli & Spitkovsky (2014) from diffusive shock acceleration 2 . We use an outer turbulence scale of 1 pc. The inner scale is constrained by the pixel resolution (i.e., 0.04 pc).
It should be noted that the simulations of Caprioli & Spitkovsky (2014) are on much smaller scales than our models, in both space and time, but it is expected that turbulence will be excited up to the scales of the highest-energy particles, which are not included in these simulations. We use these along with results for turbulence in the Milky Way as a whole, which shows that the power spectrum is flatter than the Kolmogorov case (e.g., Haverkorn 2015) to provide some general guidance for our inputs. 
Fractional polarization
Quasi-perpendicular CRE |Breg| = 1 µG |Brdm| = 10 µG |Brad| = 10 µG Figure 5 . Plots of the fractional polarization vs. φ. We define an annulus around the SNR with an inner radius set to 90% of the total radius and show the mean (black) and maximum (red) values measured in 20 azimuthal bins. We show the same simulated cases as Fig. 3 , with the exception of the top-left case, which has been replaced by a plot of SN1006 data from Reynoso et al. (2013) . The data have similarities to the radially dominated quasi-perpendicular case (bottom-centre), however, we note that we have not attempted to make a best fit to SN1006.
CRE density
The CRE density is first scaled according to the compressed thermal electron density, n e , i.e., the CRE density follows the mass density predicted by a Sedov profile. As discussed in Sec. 2.1, this is a reasonable approximation since we only need a strong compression at the shock, which the Sedov profile provides. We then include a sharp cutoff to set the CRE density to zero in the interior 80% of the shell and thus the CREs are confined to the outer 20% of the shell, which at the scale we are modelling is equivalent to 45 pixels or 1.8 pc. Besides being compressed, we consider how the CREs may also be distributed around the shell. We use the standard isotropic, quasi-parallel, and quasi-perpendicular injection recipes to model these distributions (Jokipii 1982; Leckband et al. 1989; Fulbright & Reynolds 1990 , and references therein). In the quasi-perpendicular case, the CRE density is scaled by sin 2 φ Bn2 , where φ Bn2 is the angle between the shock normal and the post-shock magnetic field, and in the quasi-parallel scenario the CRE density is scaled by cos 2 φ Bn2 . CREs are accelerated at the shock. In the cases where we include a turbulent component of the magnetic field, the CREs will be affected by the component of the field that is locally parallel or perpendicular to the shock normal, depending on the injection recipe. In our modelling this extends some distance inside the shell (20% of the SNR radius). For the CREs that remain interior to the shock, our implicit assumption is that these CREs have not had
